The temporal scale effect of loading data on nitrate-nitrogen load computation was examined using outputs of watershed modeling tool Hydrologic Simulation Program-FORTRAN (HSPF) for the Amite River in Louisiana, USA. The daily nitrate-nitrogen concentrations simulated using the HSPF were employed first to obtain daily, weekly, bi-weekly, and monthly average data and then to develop load duration curves for the data with four different temporal scales. The duration curves exhibited high variability in the load estimated using daily data as compared with those based on bi-weekly and monthly data. According to daily data, the nitrate-nitrogen load in the winter was found to be 2,780 kg. The nitrate-nitrogen load decreased with increasing temporal (daily, weekly, bi-weekly, and monthly) scale (commonly used in water quality monitoring) of the data. The coefficient of variation, used to quantify the effect of temporal scale on the load, was found to be linearly and inversely correlated with the logarithm of the time scale. Based on the finding, empirical equations were proposed to extrapolate near real-time data for flow and nitrate-nitrogen, greatly simplifying nutrient monitoring and reducing the cost involved in water quality monitoring.
INTRODUCTION
Introduction of excess river-borne nitrate-nitrogen can exacerbate surface water eutrophication, favor harmful algal blooms, aggravate oxygen depletion, and alter marine food webs, reducing the abundance of recreationally and commercially important fisheries. To protect waterbodies from impairments, there is a limitation to the maximum amount of nutrients a stream can receive without violating water quality standards. The maximum amount of a nutrient (such as nitrate-nitrogen) that a waterbody can receive while still meeting water quality standards is called Total Maximum Daily Load (TMDL). Load duration curves have been increasingly used as an alternative method for TMDL development (Fitchett et al. ) . A load duration curve is essentially the product of pollutant/nutrient concentration and a flow duration curve which characterizes the percent occurrence of flow rate over a long period of time (Bonta ) . The availability of long-term monitoring data (flow and concentration) has made it possible to develop load duration curves and understand trends and variability in water quality parameters.
Long-term monitoring data for flow and water quality parameters are commonly collected at different frequencies or temporal scales (Robertson & Roerisch ; Richards ) , depending on many factors such as monitoring methods (grab sampling, in-situ sensing, and remote sensing), budget, location, water quality parameter, and importance of data. For instance, Louisiana's general water quality monitoring program follows a four-year rotating basin approach in order to expand the coverage of monitoring efforts within limited budget. This program selects approximately 100 sites among over 600 monitoring sites each year for monitoring once a month, producing monthly water quality data. Higher frequency data are also available for some important waterbodies like beaches. The Beach Monitoring Program of Louisiana Department of Health and Hospitals conducts water quality sampling on a weekly basis at Category 1 (the most important) beaches and on a bi-weekly basis at Category 2 beaches. While the data with different temporal scales are employed in pollution load computations and the load estimation is highly dependent on accuracy of water quality and flow data, it is not clear how the temporal scale effect gets transferred from the data into computed loads of water quality parameters. There are few investigations into the temporal scale effect on load computations and TMDL development (Hirsch et al. ) . Due to the lack of field monitoring data with high temporal resolutions, the Hydrologic Simulation Program-FORTRAN (HSPF) model is used in this study to generate the high temporal resolution data and to analyze the temporal scale effect.
The overall goal of this paper is to assess the temporal scale effect of loading data on load computation, and thus on TMDL development. Specific objectives of this study are: (1) to obtain high temporal resolution data for flow and nitrate-nitrogen concentration; (2) to develop load duration curves for nitrate-nitrogen using the data with different temporal resolutions; (3) to understand seasonal variations in flow and nitrate-nitrogen; and (4) to analyze the effect of temporal scale of loading data on nitrate-nitrogen load computation.
MATERIALS AND METHODS

Study area
The Amite River watershed is located in south-eastern Louisiana, USA and it encompasses a drainage area of approximately 3,950 km 2 , as shown in Figure 1 . The dominant land use is forest area, which is about 55% of the total drainage area, and agriculture area (about 34%). The agriculture mainly includes sugar cane, strawberry and dairy farms. The minor land use includes urban areas, wetlands and waterbodies. The Amite River watershed is characterized by a mild winter (November through April) and a hot summer (May through October The Amite River is flanked by riparian forests. The river is representative in eastern Louisiana basins and it plays a key role in environmental restoration of the Lake Pontchartrain. USDA ARS () reported that the soil type in the Amite River watershed is Mississippi Valley Loess Plain. The river is a typical meandering river and it is designated by the Louisiana Department of Wildlife and Fisheries as a scenic stream for 48.28 km traveling south from the Louisiana-Mississippi state line. The upper stretches of the Amite River are relatively pristine with high scenic quality. However, the development along the lower stretches has adversely affected the visual quality of the corridor. As a result, the Lower Amite River (Subsegment 040303) was on US EPA's () Impaired Water 303(d) List because it was 'not supporting' its designated use of Fish and Wildlife Propagation (Deng & Patil ) . The Lower Amite River was impaired for dissolved oxygen, nitrate/nitrite, chlorides, and total phosphorus. Suspected causes of impairment were organic enrichment/oxygen depletion and nutrients. The Amite River was subsequently scheduled for the development of TMDLs for several water quality parameters including nitrate-nitrogen. Major efforts have been made to understand various uncertainties involved in the TMDL development and water quality restoration of the Amite River (Mishra & Deng ; Jung & Deng ; Patil & Deng ) . This study focuses on understanding the uncertainty caused by the temporal scale of model input data (including flow and nitrate-nitrogen) in the TMDL development for the Amite River, which requires longterm time series data for flow and nitrate-nitrogen.
Simulation of daily flow and nitrate-nitrogen concentration
The continuous watershed modeling tool, HSPF was employed to obtain long-term time-series data for daily nitrate-nitrogen concentration and flow at Port Vincent, LA ( Figure 1 ). The HSPF model is supported by various organizations including US EPA, USGS, and USACE (Whittemore & Beebe ). The spatial variability in the HSPF is developed by dividing a basin into hydrologically homogeneous land segments and simulating runoff separately using different meteorological input and watershed parameters (Patil & Deng ) .
The HSPF model requires hourly weather data which are of the relatively highest sampling frequency and allow for extrapolating the lower sampling frequency data. The hourly time-series weather data (including precipitation, evaporation, temperature, wind speed, solar radiation, potential evapo-transpiration, dew-point temperature, and cloud cover) observed at the Baton Rouge station (Figure 1 ) for the period of 1970-1995 were acquired from US EPA. The land-use data were obtained using Landsat TM imagery data (30 m resolution) for the year 1991 from the Global Land Cover Facility at the University of Maryland. The land-use data were classified into 25 classes using an unsupervised classification technique. The classes were then categorically reclassified by visual interpretation to re-assign them into six major classes as per the HSPF requirement.
The model was calibrated and validated using the standard procedure described in the HSPF manual. The calibrated HSPF model was run for the period of 1985-1995 to simulate the daily flow and nitrate-nitrogen concentration in the Amite River at Port Vincent. The simulated daily river flow was validated with observed data (January 1988 through May 1989) acquired from USGS. The simulated nitrate-nitrogen results were also validated using monthly grab sampling data (once a month) obtained from the Louisiana Department of Environmental Quality (LDEQ) at Port Vincent for the period of 1985-1995. One hundred and seventeen observed nitrate-nitrogen data points were available for validating the model results. The base scenario was simulated using the data of the finest temporal frequency (daily) and spatial resolution (30 m). The simulated daily stream flow and nitrate-nitrogen concentration data were used to produce weekly, biweekly, and monthly averaged time-series data. Simulation outputs from the HSPF model were later used to develop load duration curves corresponding to different temporal resolutions. Subsequently, the effect of temporal scale on the nitrate-nitrogen load computation was analyzed by means of coefficient of variation (CV).
Development of load duration curve for nitrate-nitrogen
The load duration curve method has been increasingly used for the development of TMDLs for various nutrients including nitrate-nitrogen due to its simplicity (US EPA ). The first step involved in the duration curve method was to develop a flow duration curve using stream flow data. The data for the flow duration curve were generated by first ranking the simulated daily flow data from the highest discharge to the lowest discharge and then calculating the percent of days the flow was exceeded (given by the ratio of rank and number of data points). In the second step, a target curve was constructed by multiplying water quality screening level (1 mg/L for nitrate-nitrogen) by the discharge. This screening level was based on the general literature review and was used in the absence of a water quality standard for nitrate-nitrogen. The target curve was also referred to as the standard duration curve. In the third step, the simulated nitrate-nitrogen concentration was multiplied by flow discharge to obtain a simulated load duration curve for the nitrate-nitrogen. This procedure was repeated to generate a load duration curve for each of the four temporal resolutions: daily, weekly, bi-weekly, and monthly scales.
Analysis of temporal scale effect on load computation
The effect of temporal scale of loading data on load computation was analyzed using the monthly nitrate-nitrogen loading. River flow and nitrate-nitrogen concentrations are subject to seasonal and annual variations. Seasonal variations in flow and nitrate-nitrogen data were tested using the observed data collected from Amite River at Port Vincent. The complete simulated data were analyzed to determine variation between mean monthly nitrate-nitrogen concentrations. Seasonal variation was studied using the monthly variation in the nitrate-nitrogen concentration. The monthly nitrate-nitrogen load (product of concentration and flow) was then used to examine the effect of temporal resolution.
The temporal scale effect was measured using the CV, which is the ratio of the standard deviation and the mean of data. Values of CV were calculated for flow and nitratenitrogen concentration at the four temporal scales and then utilized to plot the distribution of the CV.
RESULTS AND DISCUSSION
River flow model calibration and validation (Figure 2(b) ) showed that the simulated flow matches closely with the observed data in all regions including the high flow and low flow regimes. The model was not precise for the flood peaks or flow minimums on a daily resolution. It was assumed that the disagreement in the observed flow in the extremely low flow region was possibly due to the tidal effect from the Gulf of Mexico as some observed extremely low flows were negative. (Figure 3(b) ) between simulated and observed nitrate-nitrogen concentrations was 0.51. The runoff induced pollutants like nitrate-nitrogen are highly variable and totally dependent on the land use and weather conditions (especially precipitation). Therefore, the simulated concentrations were considered to be in fair agreement with observed ones. The base nitrate-nitrogen concentration was observed to be in a very low range of 0.16-0.26 mg/L in both observed and simulated data. The nitrate-nitrogen concentration reached as high as 0.64 mg/L during high rainfalls in the forest dominated watershed of Amite River basin. The in-stream nitrate-nitrogen was primarily driven by overland flow because concentration peaks were observed to be strongly correlated to the storm events for such a land use dominated system.
Load duration curves for nitrate-nitrogen
Figures 4 and 5 show the load duration curves generated using the simulated daily nitrate-nitrogen data shown in The load duration curve, based on daily data (Figure 4(a) ), displays high variability due to the high variability in the flow and also in the nitrate-nitrogen concentration. The highest nitrate-nitrogen load is in the magnitude of 100 tons/day (100,000 kg/day). The nitrate-nitrogen load is less than the recommended maximum value or the standard load with some exceptions in the low flow region, indicating that the implementation of nitrate-nitrogen TMDL should focus on the reduction of low flow-associated nitratenitrogen. However, the monthly loading analysis showed that the maximum load occurs in high flow conditions (wet conditions) but the dry flow loads exceed the recommended maximum value during the dry season. This indicates possible dry weather discharge which elevated the in-stream nitrate-nitrogen concentration.
The duration curve based on weekly averaged data (Figure 4(b) ) also follows a similar trend characterized by less variability due to the averaging effect in the nitratenitrogen load. The maximum load is reduced to about 10 tons/day (10,000 kg/day). The variability is further lowered in the load duration curve prepared using biweekly data ( Figure 5(a) ). The duration curve, prepared using the averaged monthly data, shows that the nitratenitrogen load is far below the desired limit or the standard load ( Figure 5(b) ). No load reduction is required based on the monthly data. The highest value for the nitrate-nitrogen load is observed to be below 10 tons/day (10,000 kg/day). At the same time, the lower bound of the nitrate-nitrogen load increases from 0.0001 tons/day (0.1 kg/day) in the daily curve to 0.1 tons/day (100 kg/day) in the monthly curve. It is observed from these graphs that data usually collected monthly may offset the variability especially in the low flow region by averaging and, thus, produce erroneous results in TMDL development.
Seasonal variability in nitrate-nitrogen and flow
In order to understand the variability and uncertainties involved in the load duration curves, it is important to understand seasonal variations in flow and nitrate-nitrogen. Flow discharge in the Amite River at Port Vincent was observed to be high in the period January through March The high rainfall in winter induced more runoff, increasing the nitrate-nitrogen discharge to the Amite River. The nitrate-nitrogen concentration rose up to about 0.25 mg/L in the month of January due to high flow and dropped to 0.11 mg/L in the month of October due to low flow (Figure 6(b) ). The high loading months for the nitrate-nitrogen were observed to be January-April which was evidently as a result of high flow. Table 1 shows statistical measures for the nitratenitrogen and flow, indicating annual and seasonal variations. The daily average nitrate-nitrogen concentration was 0.28 mg/L in the high loading season (January-April) with a standard deviation of 0.30 mg/L, whereas the annual average nitrate-nitrogen concentration was 0.23 mg/L with a standard deviation of 0.23 mg/L.
Using the average flow and nitrate-nitrogen data, yearly parameter values in the high loading season were calculated. It was found that the nitrate-nitrogen load showed a high value (2,780.39 kg) in the high loading season as compared with the annual average load of 2,418.78 kg ( Table 1) . The nitrate-nitrogen load exhibited a steady decline trend with the temporal scale in both cases, as shown in Figure 7 . It is evident from the above results that the sampling frequency for nitrate-nitrogen data should be selected carefully and the temporal scale effect should be taken into account in TMDL development. Considering the cost involved, the sampling program should be designed in such a way that it has a high temporal scale in the dry season. Although in this study, it was observed that the TMDL program should focus more on dry weather flows, discharges from non-point sources may increase the loading during the wet season which would also need a better monitoring plan.
Effect of temporal scale on nitrate-nitrogen load computation
The CV was plotted against time scale and used to describe the effect of temporal scale variability on the computation of nitrate-nitrogen load, as shown in Figure 8 . The figure reveals the progression of variability in computed flow discharge and nitrate-nitrogen concentration from daily scale to monthly interval (the daily, weekly, bi-weekly and monthly scales are represented in hours). The CV for nitrate-nitrogen (CV NO3-N ) and flow discharge (CV flow ) are given in Table 2 . It can be seen from Figure 8 that the CV for the nitratenitrogen and flow had logarithmic correlations and decreased with the time scale. The coefficient of determination for all the relationships was as high as 0.99, indicating a nearly perfect correlation between the CV and the temporal scale. The empirical relationships for nitrate-nitrogen and flow can be described by the following equations:
The CV for nitrate-nitrogen varied in the range of 0.265-1.067. In case of flow, the high flow rates skewed the distribution, yielding higher standard deviation values. The CV for flow ranged from 0.987 to 2.131. It should be pointed out that the coefficient values used in Equations (1) and (2) may not be applicable to other watersheds but similar equations may be developed for flow and water quality parameters in any watershed. The variation trends described by the equations and associated Figure 8 may be generally applicable and can be used as a guideline for TMDL development. The significance of the equations is that the variability in near real-time data of flow and water quality can be estimated if mean of flow/water quality parameters (similar to Table 1), at a lower temporal resolution, is known.
CONCLUSIONS
This paper finds the following new insights into the effect of temporal scale of loading data on load computation:
1. The temporal scale of loading data affects the computed load. The nitrate-nitrogen load was 2,780.39 kg/day according to daily data and 2,553.84 kg/day according to monthly average data for the Amite River. 2. Temporal scales of flow and nitrate-nitrogen data control the variability in the computed nitrate-nitrogen load. While nitrate-nitrogen load was observed to meet the water quality standard under any flow conditions when monthly mean data were utilized, nutrient impairments occurred during moderate-to-low flow conditions if daily average data were employed, indicating the effect of temporal scale of model input data on load computation and the necessity of incorporation of this effect into TMDL development. While this study focused on nitrate-nitrogen, similar effects and results may be found for other water quality parameters, such as suspended solids and metals. 3. The CV can be utilized to describe the effect of temporal scale variability on load calculations and, thus, the uncertainty in TMDL development. The CV varies linearly and inversely with the logarithm of the time scale. Empirical equations are developed for description of the correlations between the time scale and the CV for nitratenitrogen and flow discharge, respectively. 4. While most field water quality data are collected on a monthly or bi-weekly basis, TMDL development generally requires daily data. A major contribution of this paper is that it demonstrates how to convert low temporal resolution (monthly, bi-weekly or weekly) data-based load to daily load by means of the empirical equations. Similar empirical equations for other watersheds can be established and employed to extrapolate daily flow and water quality data, greatly simplifying flow and water quality monitoring and reducing the cost involved in TMDL development and implementation.
